Abstract: This paper proposes an online measurement-based method for n-1 voltage stability assessment on a load area by means of an equivalent system of N+1 buses introduced by ref.
Introduction
Prediction and mitigation of voltage instability is one of major concerns in today's power system operations [2] . Especially for a load center area supported by remote generation through tie lines, voltage instability may originate from a boundary bus and then spread out to wide-area or even system-wide voltage instability. The root cause of voltage instability is often loss of a key system component such as a tie line or a local generator in the load area. Thus, online Voltage Stability Assessment (VSA) for both the current condition and any foreseen n-1 condition is a necessary task in power system operations.
Among existing VSA techniques in literature, real-time Measurement-based VSA (MBVSA) as a data-driven approach has unique advantages compared to traditional modelbased VSA. Many researchers have made significant contribution to the model-based VSA [3] [4] [5] [6] [7] . The drawbacks of model-based VSA include the dependency of accurate simulation models and a convergent power-flow solution as the basis for assessment. MBVSA methods typically use synchro-phasor measurements, e.g. PMU (phasor measurement unit) data, collected at the load buses or the boundary buses of a load area, and then online identify an equivalent of the system for estimating voltage stability margins on those buses. For instance, widely-used Thevenin equivalent based methods represent the system outside a load bus or a Accepted by IET Generation, Transmission & Distribution for Publication 2 load area by a Thevenin equivalent circuit [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Because voltage stability margin depends on the gap between the magnitudes of the Thevenin impedance and the load impedance, these methods use real-time measurements to estimate the Thevenin impedance and also calculate the load impedance so that voltage stability margin can be calculated directly without conducting simulation or powerflow analysis on the original system. The Thevenin equivalent based methods work well on a local load bus or the transmission corridor of a load pocket area, but may not be accurate for a load area supported by multiple tie lines [22] . In order to apply the Thevenin equivalent to a meshed power network, Ref. [16] decouples the network into many "decoupled single-port circuits" that each connects a load bus with an equivalent generator so as to estimate voltage stability margin at each load bus. However, this method ideally needs to deploy PMUs at all generators and all load buses (or at least the interested load buses for practical applications) to obtain an accurate network model.
Ref. [1] has extended the Thevenin equivalent, which is a 1+1 bus equivalent, to an equivalent with N+1 buses (called "the N+1 equivalent" in this paper) that is able to represent N tie lines and to calculate the voltage stability margin individually on each boundary bus.
Most of existing MBVSA methods only provide real-time voltage stability margin information for the current system condition but is unable to look ahead to provide voltage stability margin for foreseen critical n-1 conditions as model-based VSA methods do.
Although model-based VSA methods provide margin information for n-1 conditions, they need to run contingency analysis by either time-domain simulation or powerflow analysis, which could be time consuming for a large system. This paper will enhance the MBVSA method proposed in [1] to provide real-time voltage stability margin also for n-1 conditions using only measurement data. First, n-1 sensitivity analysis is conducted on the powerflow model of the system for insights on how the N+1 equivalent may vary under n-1 conditions. With the model and tie line flow under n-1 contingency updated, the n-1 voltage stability margins and the criticality of the postcontingency scenarios can be obtained using N+1 equivalent MBVSA.
To determine post-contingency quantities in performing contingency analysis, the sensitivity and Distribution Factor (DF) methods are widely utilized. Sauer found Line
Outage Distribution Factor (LODF) using admittance values in [23] to determine the real power line flows. Then in [24] , an improved technique based on phasor measurements was proposed. In [25] , Ilic and Phadke used the decoupled method to estimate the distribution factors to determine reactive power line flows. In [26] , Singh and Srivastava have obtained Accepted by IET Generation, Transmission & Distribution for Publication 3 the P-δ and Q-V relationship based on the load flow Jacobian matrix. In this paper, a
Modified LODF has been proposed to provide the real power sensitivity of the tie-line flows.
The rest of the paper is organized as follows. Section 2 briefly introduces the N+1 equivalent and the corresponding MBVSA algorithms for the load areas. Section 3 presents two sensitivity analyses respectively on equivalent parameters and on tie-line power flows, by which margin information for an anticipated n-1 condition can be predicted. Section 4 validates the proposed approach using the NPCC system. Finally, conclusions are drawn in Section 5.
2. Measurement-Based VSA Using the N+1 Equivalent 
As all parameters are continuously updated by solving two optimization problems, each power transfer limit can be calculated analytically as an explicit function of all parameters of the N+1 equivalent, which has been derived in [1] . Then, assume the power factor over the time window to be constant for each load, active power transfer Pi is a function of all parameters of the equivalent and its maximum 
Ref. [1] proved that the analytical solution of More specifically, the first sensitivity analysis is conducted on admittances of the equivalent system under n-1 contingencies inside the load area. The purpose is to predict the values of those admittances after a foreseen n-1 contingency in order to calculate power transfer limits for each tie line under the contingency using (1). Then, the second sensitivity analysis is conducted using a proposed Modified Line Outage Distribution Factor (MLODF) to predict the tie-line flow after that n-1 contingency. Thus, the power transfer margin under that n-1 contingency is determined by the predicted post-contingency transfer limit and power transfer. representing R internal buses. Thus, an N-bus complete graph is formed, which has a load admittance ii y at each boundary bus and a transfer admittance ij y between any two boundary buses.
n-1 Sensitivity Analysis on the Equivalent
In the following process of network reduction, all loads in the load area are considered as impedance loads and all generators in the load area will be considered as negative loads.
Those loads and generators are admittances added to the diagonal elements of the matrix.
The nodal equation , the internal load buses, and their connections.
Expand equation (2) to obtain,
from which vector VR can be eliminated to find
Therefore, the admittance matrix on the reduced N-bus system for the load area is
Equation (5) Table 1 . 
. For the rest of the cases, the following relationship exists,
. Thus, a sensitivity analysis for any n-1 contingency in the load area can be conducted based on the transfer admittances retrieved from Y Y   . In order to obtain the limit under n-1 contingency, some equations in Ref. [1] need to be modified. Firstly, the voltage on boundary buses used for n-1 contingency sensitivity
According to the derivation in ref. [1] , there is
Based on the sensitivity analysis and the updated power injection expression, equation
(1) can be used to calculate the power transfer limits for each tie line under n-1 contingency.
n-1 Sensitivity Analysis on Tie Line Flows
A Line Outage Distribution Factor (LODF) can be used to determine the impact of a line outage on other line flows without explicitly solving post-contingency power flows [27] .
In this paper, a Modified Line Outage Distribution Factor (MLODF) is proposed to estimate the post-contingency real power transfers on tie lines with moderate computational burdens. According to the LODF defined in [27] , the load center in Fig. 3 has a LODF (12) is named a MLODF (Modified LODF) in the rest of the paper.
In the proposed MBVSA method for n-1 conditions, the changes of all tie-line power transfers will be estimated by (10) and (12), which are much faster than power flow calculation and meet the requirements for online applications.
Remark: Ref. [21] also employs model-based sensitivity analysis to estimate postcontingency voltage and current phasors, and combines that analysis with a Thevenin equivalent based MBVSA method. Two steps are performed in order to calculate sensitivity indices in [21] : 1) calculate the Jacobian matrix on the system's power flow condition utilizing synchronized phasor measurements at all buses; 2) calculate sensitivity indices by the inverse matrix of the Jacobian matrix. However, when the Jacobian matrix becomes singular at the voltage collapse point, that approach has difficulty in calculating the sensitivity indices. Compared to the method in [21] , the method proposed in this paper extends the N+1 buses equivalent system to analyze n-1 sensitivities of the system. Since this method only predicts post-contingency voltage stability for the tie lines of the load center, it needs much fewer measurements and has fewer computational burdens than the method in [21] . In addition, this method does not need to calculate the Jacobian matrix and its inverse matrix.
Implementation of the Proposed Method for n-1 Voltage Stability Assessment in a Hybrid Framework
The proposed method complements the traditional MBVSA techniques for the present contingency, the system does not meet n-1 security criteria any more, so a preventive control action should be taken to recover n-1 security of the system; 5) If the measurement-based margin drops to another even lower threshold (e.g. 5%)
before simulation-based VSA finishes its computation, a preventive action needs to be taken immediately; 6) Whenever a new online SE solution is available (e.g. every 1 to 3 minutes), perform n-1 contingency pre-screening based on the solution and use this result to update the less accurate result from the sensitivity analysis on tie line flows. The following n-1 scenario is selected to demonstrate the proposed method: all loads of the load area are uniformly increased by a total of 1.53 MW per second from its original load of 1906.5 MW with constant load power factors. At t=200 s, the transmission line between buss 4 and 5 is tripped, which pushes the system to be closer to the voltage stability limit.
After another 200 s load increase, voltage collapse happens around t=400 s as shown in Fig. 6 on three boundary-bus voltages. Fig. 7 indicates the P-V (power-voltage) curves drawn using the measurements at three boundary buses. In the NPCC system, the load is not represented by the constant power load model. With the ZIP load model, the system may pass the "nose" point of a P-V curve and even operate on the lower part of that curve. The discontinuities of the P-V curves are caused by the n-1 contingency.
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n-1 Sensitivity Analysis on the Equivalent
The load area is represented by a 3-bus complete graph having three transfer admittances connecting three boundary buses and three loads respectively at three boundary buses. Fig. 8 and Fig. 9 compare the changes of the conductances and susceptances of three transfer admittances due to this n-1 contingency. Their values are calculated by the approach in Section 3.1. These two figures clearly show that the transfer admittances will remain constant unless a topological change happens in the load area. 
n-1 sensitivity analysis on tie line flows
The MLODF calculated by formula (12) The aforementioned monitoring for each anticipated n-1 condition offers an effective way for contingency pre-screening so that more detailed power flow analysis or time-domain simulation is only needed for very few critical contingencies. The n-1 limit and margin information on individual tie line from this proposed measurement-based method will tell the operators in real time which contingency will be critical for further, more detailed analysis.
With this information, a huge number of non-critical simulations will be skipped and only the most critical ones will be analyzed online. Therefore, system operators will have enough time to run the simulation and find the optimal remedial action before system collapse. 
n-1 Contingency Sensitivity Analysis Study with Preventive Control
In the framework of a hybrid scheme, preventive control against the worst line tripping is demonstrated in this section on the 140-bus NPCC system. This scenario has load of the area increased by 1.53 MW per second; the line 4-5 is tripped at t=200 s; after additional 200 s load increase, voltage collapse happens around t=400 s. The simulation-based VSA module is performed on the power flow condition obtained before the actual line tripping for all n-1 contingencies in the load area. Table 3 lists the smallest tie-line power transfer margins under all n-1 contingencies from the simulation-based VSA. From the result, the worst contingency is identified to be line 4-5 tripping. In the following, we will demonstrate how the proposed MBVSA method can predict that most critical contingency and take a timely remedial action to prevent the system from voltage collapse. In Stage 1, there is no contingency and the system is operating securely under n-1 criteria. Note that the n-1 limit for the worst contingency (i.e. line 4-5 trip) is provided to the operator by the measurement-based module when the n-1 margin is lower than a pre-designed threshold. In addition, the limit for the current operating condition is also calculated by the measurement-based module. At this stage, the value of MBVSA for the operator is to monitor voltage stability limits for the current condition (i.e. n-0 condition), and take actions if margin is insufficient.
In Stage 2, upon the line 4-5 tripping, the system operates under a contingency.
Immediately after the line tripping, the limits from MBVSA change, informing the operator happening of an event. Note that the MBVSA at this stage is especially valuable immediately after the event and before the simulation-based module finishes its computation. The MBVSA tells the operator whether there is still sufficient margin for the present operating condition and whether preventive control is needed. Once the simulation-based module finishes its calculation of accurate n-1 limits, its results will update the predicted n-1 limits from the MBVSA.
In Stage 2, if the simulation-based module does not finish its computation on more accurate n-1 limits before a zero or very small margin is predicted by the MBVSA, the MBVSA will trigger a preventive control action automatically to prevent voltage collapse. If the simulation-based module finishes its computations for predicting the voltage instability and for the determination of a remedial action, the action will be taken and the system will enter Stage 3. Note that even if the results from the simulation-based module are available, the MBVSA module is still important because it provides situational awareness for the operator on the criticality of the system condition in real time especially when there is not enough time to perform any additional simulation.
In Stage 3, the effect of a remedial action is simulated as shown in Fig. 12 . The remedial action switches in additional reactive power sources at bus 33 at t=300 s. It can be observed that voltage collapse is prevented, the system is no longer under emergency 
